To forage in fast, turbulent flow environments where prey are abundant, predatory fishes must 21 deal with the high associated costs of locomotion. Prevailing theory suggests that many species 22 exploit hydrodynamic refuges to minimize the cost of locomotion while foraging. Here we 23 challenge this theory based on direct oxygen consumption measurements of drift-feeding trout 24
aerated and maintained at a temperature of 15 ± 0.1°C (mean ± s.e.m.) using a thermostat (Auber 81 Instruments TD-100A) attached to a chiller (Aqua Logic DS-4). A D-section cylinder (5 cm 82 diameter) placed in the front of the working section allowed for the creation of a distinct flow 83 refuge within the sealed respirometer (Liao et al 2003b) . A Phantom V12 high speed video 84 camera (1024 x 1024, 150 frames per second, Vision Research) was aimed at a mirror angled at 85 45° below the working section to record the swimming kinematics and feeding behavior of 86 individual trout. In all trials solid blocking effects of the fish in the working section were 87 corrected following Bell & Terhune, 1970 and never exceeded 5%. 88 89 Direct oxygen consumption measurements reveal the energetic cost of locomotion: Individuals 90 were introduced into the respirometer and left to acclimatize overnight (10-12 hrs) at a current 91 velocity of 0.5 L s -1 , where L is the total body length (i.e. 16.5 cm s -1 ), until oxygen consumption 92 had reduced to a steady state level and the fish had settled into a continuous swimming rhythm. 93
The trial was then started and oxygen consumption was measured at increasing current velocities 94 from 0.5 to 3.0 L s -1 , at 0.5 increments (i.e. 16.5 -100.0 cm s -1 ). Oxygen consumption at each 95 velocity was determined over three, consecutive 16-minute measurement cycles. The treatment 96 with Autoresp v.1.6 software (Loligo Systems). To reduce bacterial growth and respiration 111 within the system, the respirometer was regularly treated with a Clorox solution and thoroughly 112 flushed with freshwater. This procedure ensured background respiration remained below 3% of 113 the oxygen consumed by each fish during swimming trials, which was subtracted from the 114 overall oxygen consumption of the subject. Specifically, after the fish had been returned to its 115 holding tank, the respirometer was run for two additional 16minute measuring cycles at 33 cm s -1 116 during which the reduction in oxygen saturation in the empty respirometer was measured. 117
118
The energetic cost of attack: We modified our respirometry protocol using the same flush, 119 equilibrium and measuring periods as above. However, to avoid significant increases in oxygen 120 consumption due to digestion (i.e. specific dynamic action, SDA; Alsop & Wood 1997), a 2 mm 121 artificial food particle (herein referred to as the lure) was constructed from synthetic yarn 122 wrapped onto a size 20 fishing hook with the hook point cut off at the bend. The lure allowed for 123 the examination of the energetics of foraging attempts without the interference associated with 124 the cost of digestion. Thin fluorocarbon line (2 lb test) was tied to the lure so that it could be 125 introduced into the respirometer through small access ports located upstream of the cylinder. 126
This allowed repeated trials of drifting the lure naturally with the current towards the test subject. 127
To ensure the lure smelled like food, prior to each experiment it was soaked for 1 hr in 200 ml 128 sterilized water containing 30 commercial trout food pellets (Pentair -Dense Culture F2A 129 6 freestream flow towards the fish. This procedure enticed the fish to attack the lure, and we 141 recorded the number of attacks as well as the number of times that the fish ignored the lure. 142
Whenever the lure was successfully captured or had passed the fish, it was immediately retracted 143 back to the point of entry by swiftly pulling on the line. After 10 s the lure was re-introduced 144 randomly into the flow tank. We repeated this procedure throughout the 600 s oxygen 145 consumption measuring period, which allowed fish to perform attacks ad libetum (n = 14 fish). 146
We were able to measure oxygen consumption across a wide range of attacks because of the 147 inherent variability in behaviors across individuals. Note that we measured cost of attack at one 148 flow speed, and assumed that it increases proportionally with speed. 149
150
Measuring probability of prey capture success: Energy intake trials did not rely on respirometry 151 and could therefore take advantage of real food particles. Prior to these feeding trials, 30 small 3 152 mm trout food pellets (Pentair -Dense Culture F2A) were soaked in 200 ml sterilized water for 153 an hour and then individually sectioned in two to minimize satiation of the fish during the trial. 154
Small 3 ml pipettes were then filled with either scented water containing no food or with scented 155 water containing food (hereafter referred to as a food particle). All samples of scented water and 156 food particles were then kept in a temperature-controlled bath, until they were used within 1 hr 157 of preparation. Capture success was defined as the number of captured prey divided by the 158 number of attacks. 159
Experimental treatment and acclimatization protocols were similar to those of the 160 respirometer trials above. Briefly, the fish was introduced into the flow tank and left to 161 acclimatize for 2-4 hrs until it had settled into a continuous swimming rhythm (flow velocity = 162 16.5 cm s -1 ). The flow velocity was then slowly increased at a rate of 0.2 cms -2 to one of five 163 experimental velocities (16.5, 33, 51, 68, or 84 cm s -1 ). Once one of these velocities was reached, 164 fish were left to acclimate for another 5 min. After one minute of exposure to food scented water, 165 the first food particle was injected into the flow tank. For each food particle injected, we 166 recorded whether the fish showed 1) no reaction or 2) attempted to capture the particle, defined 167 as a clear change in direction towards the particle. Capture movements were further divided into 168 successful and failed attempts. These capture behaviors (ignore, successful, failed) were recorded 169 until a total of 5 successful captures were observed. At this point the feeding trial was paused and 7 another current velocity randomly selected. The trial was repeated until each fish had been 171 examined at each of the five experimental flow velocities. This procedure allowed each fish to 172 consume a maximum of 25 food particles, which was equivalent to less than 1% of the fish body 173 weight. 174
175 Experimental Data analysis: The energetic cost of locomotion (for both cylinder refuging and 176 freestream swimming) were plotted as oxygen consumption (mg O 2 kg -1 h -1 , MO 2 ) versus 177 swimming speed (cm s -1 ) and fitted with a three-parameter non-linear power function (y = a + 178 bc x , where a + b is the Y-axis intercept) following Roche et al. (2013) . Differences in oxygen 179 consumption between groups were analyzed using repeated measures ANOVA and swimming 180 speed as a fixed factor. The energetic cost of attack (for both refuging and freestream swimming) 181 was presented as oxygen consumption of individuals plotted against attack rate per hour, where 182 an attack is defined as a sudden change in direction of the head to intercept the lure. A linear 183 regression was fitted to these data and the slope was used to derive the cost of attacking a single 184 drifting food particle. The difference in slopes was compared using an Analysis of Covariance 185 (ANCOVA), with refuging behavior and current velocity as categorical and continuous 186 variables, respectively. We converted energetic cost values from oxygen consumption to Joules 187 by using a conversion rate of 1 mg O 2 = 13.56 Joule (Elliott & Davison 1975). 188
Prey detection was defined as the proportion of food particles that a fish attempted to 189 capture, and was fitted with a best-fit quadratic polynomial curve (y = ax 2 + bx +c, where c is the 190 Y-axis intercept). Differences in prey detection rate between refuging and freestream swimming 191 fish were compared using a two-way ANOVA with refuge/freestream swimming and current 192 velocity as fixed factors, followed by a Tukey HSD posthoc test to identify differences between 193
groups. 194
Prey capture success was defined as the proportion of food particles that was successfully 195 ingested. Capture success was plotted against flow velocity and fitted with a best-fit 3-parameter 196 sigmoidal curve (y = a / (1 + exp -(X-X0)/b ), where a, b and X 0 are constants). Differences in capture 197 success between refuging and freestream swimming fish were evaluated using a two-way 198 ANOVA with refuge/freestream swimming and flow velocity as fixed factors, followed by a 199 posthoc planned comparison for specific differences between groups and corrected for type 1 200 errors using False Detection Rate (Benjamini & Hochberg 1995) . where D is the diameter of prey (in mm). J is a constant to describe percentage of prey energy 216 available to fish after accounting for digestion and excretion (0.68, Hill & Grossman 1993). 217 E Locomotion and E Attack are the energetics cost of swimming and attacking prey, respectively. See 218 Table 1 and 2 for a complete description of model parameters, formulae and data acquisition. Medale 1994) and the weight of prey defined as 231 Eqn 6.
−5.021+2.88ln ( ) (Smock 1980 ) 232 For a given prey density, we used a more realistic non-uniform prey size distribution (0-2 mm 233 (51%), 2-4 mm (43%), 4-6 mm (5%), 6-8 mm (0.9%) and 8-10 mm (0.1%)) in diameter as 234 measured in-situ in typical trout streams (Guensch et al 2001). 235
Since fish in nature do not feed continuously throughout the day, we then sought to 236 identify an optimum strategy when feeding and locomotor behaviours were combined. To do 237 this, we divided a 24 hr day into 12 hr halves, roughly corresponding to night and day and 238 assumed that fish forage exclusively during the day. This allowed us to include three foraging 239 scenarios in our model, 1) foraging while refuging; 2) foraging while freestream swimming; and 240
3) refuging without foraging at night and foraging in the freestream during daytime (hereafter 241 defined as a "combined" strategy). Based on Charnov's diet model (1976), we assume that fish 242 preferentially consume larger prey whenever available. Note that our approach does not take into 243 account behaviours such as group hierarchy or predator avoidance and territoriality. 244
Finally, to translate model results of energetic gain to a value with biological meaning, 245
we calculated a relative maximum benefit as 246 Eqn 7.
/ 247
In this case, 100% relative maximum benefit indicates that a particular foraging strategy used for 248 one day can result in one extra day of surplus energy before more food must be acquired, thereby 249 designating energy available for other critical activities (e.g. migrating, growth, reproduction). 250
Consequently, relative benefit provides an indication of the long-term benefit of adopting a 251 particular feeding strategy in a way that reporting oxygen consumption units does not. 
Results 259
Cost of swimming: Oxygen consumption increases with swimming speed for both refuging and 260 freestream swimming fish. However, refuging fish did not increase their oxygen consumption 261 until they swam faster than 68 cm s -1 (y = 66.6 + 0.30 * 1.07 x , where y = oxygen consumption 262 and x = swimming speed, repeated measures ANOVA, F 1,126 = 72.9, p < 0.01). By comparison, 263 fish in the freestream showed significantly greater oxygen consumption at each incremental 264 swimming speed (y = 47.30 + 17.79 * 1.03 x , Fig. 1 ). 265
Cost of prey attack: Oxygen consumption during prey attacks increased more quickly for 266 refuging than for freestream swimming individuals (regression p ≤ 0.0001), indicating that the 267 cost of each attack was greater for refuging trout (1.28 ± 0.18 mg O 2 kg -1 ) than for trout in the 268 freestream flow (0.78 ± 0.20 mg O 2 kg -1 , mean ± s.e.m., Fig. 2 ). For example, at a routine 269 swimming speed of 68 cm s -1 , foraging in the freestream was 40% less costly than compared to 270 foraging while refuging (ANCOVA, F 1,31 = 126.6, p < 0.01). This was speed dependent, for at a 271 lower swimming speed of 10 cm s -1 , this difference reduces to 6%. 272 Prey detection: Drift-feeding fishes must quickly detect and approach prey before they can Table S1 ). 283
Data-driven Cost-Benefit Model outcome: Figure 4A shows the net energetic benefit for trout 284 feeding continuously either while refuging (gray line) or in freestream flow (black line). At flows 285 < 25 cm s -1 , both foraging strategies are energetically identical. When flow velocities exceed 25 286 cm s -1 it is more energetically favorable for trout to feed in freestream flow. The model predicted 287 best 24 hr strategy is to combine freestream feeding and refuge swimming, where fish feed in freestream flow for 12 hrs and then refuge (without feeding) for 12 hrs (i.e. "combined" strategy, 289 dashed line, Fig. 4A) . 290
Under average conditions, refuging trout swimming at 25 cm s -1 can acquire enough 291 energy in a single day to last an additional ~ 1.4 days (140%). This value is ~ 1.2 days for fish 292 foraging in the freestream and ~ 1.5 days for trout that adopt the combined strategy defined 293 above (dashed line, Fig. 4B ). 294
We found that optimal feeding behavior depends on the magnitude of the flow velocity. 295
For flows less than 50 cm s -1 , refuging provides a greater relative energetic benefit than 296 freestream swimming. For flows greater than 50 cm s -1 , the benefit of refuging disappears and it 297 is better to forage continuously in the freestream. However, the best overall strategy is to forage 298 half the time in freestream flow and to refuge without feeding for the remaining time (dashed 299 line). This strategy greatly expands the range of flow velocities where fish can maintain an 300 energetic surplus, up to 75 cm s -1 in our model (Fig. 4B) . 301 302 Prey size and density requirement: To compensate for the increasing energetic costs of foraging, 303 trout must feed on increasingly larger and more abundant prey as flow velocity increases (Fig. 5 , 304 S1). Prey size and density requirements increase faster with flow velocity for refuge-feeding 305 individuals compared to freestream-feeding individuals. As a result, refuging individuals would 306 in theory require 8 mm long prey when swimming at 70 cm s -1 whereas freestream individuals 307 only need these prey sizes at 90 cm s -1 (Fig. 5A) . Similarly, refuging individuals require densities 308 of at least 15 prey per m 3 of water volume in a flow of 60 cm s -1 , whereas freestream individuals 309 only need a density of 3 prey per m 3 of water volume at the same flow velocity (Fig. S1 ). When 310 fish combine both refuging and freestream swimming behaviors, their locomotion costs are 311 minimal, which allows them to eat smaller and fewer prey than if they were exclusively refuging 312 or swimming in freestream flow ( Fig. 5B ) and occupy flows with less prey (Fig. S1 ). Regardless 313 of foraging strategy our model predicts that trout need to feed on prey larger than 2 mm, at 314 density patches of at least 2 prey per m 3 , and conduct a minimum of 20 attacks per hour in order At the highest flow velocity tested (100 cm s -1 ), we found that all foraging strategies fail, even 333 though trout both in our experiments ( Fig. 1) an almost 50% reduction in swimming costs at high speeds (> 65 cm s -1 ). However, we also 343 observed a large (~ 65%) and unexpected increase in the cost of attacking prey in the freestream 344 while refuging, presumably due to the high cost of traversing a strong velocity gradient when 345 leaving a vortex street refuge (Liao et al 2003b) . Such a significant increase in energy usage for The energetics of foraging have been identified as one of the important drivers of animal 349 movement (Pyke 1984) . Here, we directly reveal the mechanism underlying the substantial 350 increase in energy use during foraging for the first time in drift-feeding fishes. 351
Fishes should seek to minimize the combined cost of metabolic maintenance, swimming and 352 prey attack relative to the energetic gains from each attack. The optimal strategy likely depends 353 on flow velocity and available prey size. By including our data on the energetic cost of attack 354 into the total daily energy budget, we can derive the specific range of conditions under which it 355 may be more energetically beneficial to exploit or avoid a flow refuge. Previous studies indicate 356 that fishes interact with flow refuges using at least three different strategies: 1) reside in a refuge 357 and only enter the freestream during an attack 2) reside and forage in the freestream, or 3) forage 358 in the freestream and seek refuge when not foraging (Hill 1989 , Grossman & Boule 1991 Guensch et al 2001, Piccolo et al 2014). When we use our data-driven model to explore these 360 three strategies we find that there is an optimum range of flow velocities (within approximately 361 10 -50 cm s -1 , Fig. 4 ) that provides the greatest energetic benefit to trout. It is perhaps not 362 surprising that this velocity range is equivalent to the natural conditions that are typically 363 Why, in low flow environments, is foraging while refuging better than foraging in the 366 freestream flow? We show that when trout forage in currents less than 50 cm s -1 , they can on 367 average acquire 1.4 times their daily energy requirements (and even higher under optimal 368 conditions). This energy surplus is possible due to the low cost of locomotion behind the refuge. 369
In addition, slower currents lead to a reduced velocity gradient between the refuge and the 370 freestream flow, which minimizes the cost of exiting the vortex street to attack prey. The lower 371 cost of attack and higher attack success rate in slower currents allows trout to acquire surplus 372 energy, which can then be used for growth, maintenance and reproduction. 373
In high flow habitats (> 50 cm s -1 ), however, the benefit of refuging disappears. We found 374 that refuging trout suffered a net energetic loss due to a 65% increase in the cost of attacking 375 prey and a 40% reduction in attack success rate, demonstrating that it is costlier to forage from a 376 refuge than from freestream flow. Specifically, the energetic benefit of refuging while foraging is 377 inversely related to flow velocity. We suggest that this is because the energy needed to accelerate 378 from a place of refuge into faster freestream flow necessitates traversing across a steep velocity 379 gradient. Compared to foraging in freestream flows, refuging fish that dart out to capture food 380 are expected to accelerate more quickly in order to overcome these velocity gradients. The large 381 amplitude kinematics of fast accelerations is significantly different than those of steady 382 swimming (Akanyeti et al 2017) , and is likely the main contributor to the high energetic 383
requirements of this behavior. This leads to an inability of feeding trout to maintain an energy 384 surplus while refuging because the cost of each attack is greater than energy content of the prey. 385
Contrary to prevailing theory, our model predicts that individuals living in flows > 50 cm s -1 386 should completely avoid refuges while foraging. This counterintuitive insight is only possible 387 because we employ the first direct measurements of feeding costs in controlled conditions. Our 388 results explain field studies in which trout have been reported to forage predominantly in the 389 freestream sections of rivers (Grossman & Boule 1991). At the highest flow velocities in our 390 study (> 81 cm s -1 ), trout can only ensure adequate energy intake by foraging in the freestream 391 when prey densities are greater than 15 individuals per m 3 (Fig. S1.) . This suggests that trout in 392 rivers will not occupy regions of freestream flow during periods of low prey density. 393
Our results highlight the importance of considering the relatively high cost of foraging when 394 refuging, which has been absent in previous energetic models (see Piccolo et al 2014 for review). 395
Perhaps most importantly for fisheries conservation managers, we argue that a classification of 396 optimum habitat conditions cannot be determined solely on the basis of swimming energetics. 397
Our data suggests that preferred flow velocities in the field are limited not only by swimming 398 capacity, but also by the energetic demands of foraging. This observation may also help explain 399 potential discrepancies between predicted and realized habitat and movement patterns in the 400
wild. 401
Our results lead us to suggest that the main benefit of feeding from a refuge may not be to 402 save in locomotion costs (which occurs only at lower flow velocities), but as a strategy for 403 resilience to unpredictable food conditions. Temporal fluctuations in food availability are Schindler 2011). In unpredictable habitats, individuals that occupy flow refuges will require less 406 energy over time and will be more resilient to prolonged periods of low food availability. Such 407 refuging patterns have been observed in rivers that experience frequent periods of low prey 6 optimal range of flow velocities (here 10 -50 cm s -1 ), refuging individuals also require less 410 calorie rich prey to sustain the same energetic benefits as individuals swimming in freestream 411 flow. This allows refuging individuals to forage on a wider variety of prey that may be smaller 412 and have less caloric content. 413
As flow velocity increases, the cost of swimming and foraging also increases while the 414 ability to detect and capture prey decreases (Hill & Grossman 1993, Braaten et al 1997). Trout 415 may deal with this problem by only targeting larger, calorie-rich prey in order to compensate for 416 the diminished opportunities to capture prey. In nature, invertebrate prey of 8mm or greater make 417 up less than 1% of all drifting food (Table 1 ), yet trout preferentially select these larger prey 418 (Nakano et al 1999) . It must be noted, however, that faster flows generally delivery more and 2010). Based on prey size distribution and caloric prey content in natural rivers, our energetic 421 model predicts the preferred prey size of foraging trout under different feeding strategies and 422 flow velocities. We predict that refuging trout occupying habitats with flows greater than 65 cm 423 s -1 should solely select prey sizes of 8 mm or greater in order to account for the costs of foraging. 424
The need to target large prey based on energetics may explain why trout have been observed to 425 leave sections of rivers that appear to contain abundant, but small prey (Hughes & Dill 1990, 426 Gido et al 2000). Likewise, drift-feeding trout in fast flows appear to avoid small prey even when 427 their abundance is greater by several orders of magnitude than larger prey (Hill & Grossman 428 1993, Nakano et al 1999) . 429
Our work suggests that, regardless of flow velocity, the minimum prey size that trout should 430 eat must be 2 mm long in order to provide enough energy (equivalent to ~2.1 joule) to cover the 431 energetic cost of a successful capture (Fig. 5 ). The majority of invertebrate prey found in rivers 432 ranges from 0.1 -10.0 mm in length, with more than 50% of all prey 2.0 mm or less (Table 1) . 433 Therefore, it may not be energetically favorable for trout to forage on the majority of available 434 prey. Indeed, examinations of stomach contents have revealed that trout preferentially forage on 435 prey greater than 2. for these parameters here, leading us to believe that our general approach can be broadly applied 453
to both freshwater and marine species, though the details of prey size and energetic costs may 454 differ. The utility of our approach is that it predicts energetically favourable flow velocities for 455 fishes (herein described as optimum flow range). As such, it provides a mechanistic basis for 456 understanding why individuals in nature are typically found associating with refuges only within 457 a specific range of flow velocities. This approach, where links between energetic demands and 458 habitat usage are demonstrated, is starting to illuminate our understanding of distribution patterns 459 in a variety of species (Urabe et al 2010, Rosenfeld et al 2014) . The ability to determine a-priori 460 the optimum flow requirements will help better predict movement and habitat usage patterns not 461 only for salmonids in rivers, but of other ecologically and commercially important species (e.g. 462 Kiflawi & Genin 1997 , Zeller 2002 , Johansen et al 2014 , 2015 . As such, we believe that our 463 model has strong conservation implications that can be applied broadly. 464
By using respirometry to directly measure foraging costs in the lab, our empirical approach 465 provides critical new insight that challenges established assumptions of ecology and behavior in 466 current swept ecosystems. We demonstrate that in high flow habitats, hydrodynamic refuges are 467 not energetically favorable locations, and that the best feeding strategy across flow velocities is 468 adaptive; refuging in slower flows when not foraging and only foraging in faster freestream 469 flows. Our experimental results provide a framework to understand the mechanisms underlying 470 habitat preferences and movement patterns in current-swept environments, and generates 471 hypotheses that can be tested to see how well these strategies are employed by fishes in nature; 472 Minimum prey density required to gain an energetic surplus across flow velocity. At flows < 10 681 cm s -1 , a high prey density is required due to the low delivery rate of prey. Within flow velocities 682 of 10 -50 cm s -1 , required prey density falls below 2 prey m -3 due to the lower cost of attack and 683 increased prey capture success. At higher flow velocities, minimal prey density increases rapidly 684 due to lower capture success rate and increased cost of attack. Note that refuging individuals 685 (gray line) require the highest prey density when flow velocities exceed 50 cm s -1 due to the 686 greater cost of attack. 
